In this contribution, the template assisted synthesis of porous carbons by chemical vapor deposition in porous concrete templates has been described for the first time. Porous concrete made templates can be obtained in almost any geometrical shape and are therefore attractive templates to prepare porous carbon monoliths. The carbon deposition process in porous concrete follows a three-stage-course consisting in an initial period, a period of fast carbon deposition and a period of slow carbon deposition. The carbon growth within the template pores occurs obviously plug-like from the inner to the outer sphere. Any continuous covering of the template pore walls by carbon could not be observed. In difference to porous concrete, the carbon deposition in silica gel is strongly accompanied by mass transfer limitations. For porous concrete, such strong effect has not been observed obviously due to its hierarchical pore system. The template materials have been loaded with carbon by chemical vapor deposition in a flow reactor. The process of the template pore filling has been characterized by the time dependence of the template mass gain. The materials have been characterized by means of X-ray tomography and nitrogen adsorption at 77 K, respectively.
Introduction
The synthesis of porous carbons by template assisted routes has been investigated since several decades [1] - [11] . The basic principle relating to these methods consists in the filling of porous materials such as silica [4] [5] or porous concrete [9] [10] with carbon, respectively. After the template removal by dissolving in acids or bases, the negative replica of the template is obtained. In such a way, different properties of the carbon material such as the pore size distribution or the geometrical shape of the particle and, respectively, of the monolith can be controlled. Especially for the preparation of porous carbon, monoliths porous concrete has been proven as a most promising template material [9] [10] [11] . Porous concrete can readily be shaped using mechanic tools. It is cheap because it is produced in an industrial scale. So far, carbon replicas of porous concrete have been prepared from sucrose as the carbon precursor. The resulting porous carbons contain meso-and macropores to a high content which can be attributed to the function of the template [11] . Furthermore, a significant amount of micropores which obviously stem from gasification reactions has been found [11] . However, micropores are not always desired by several reasons. They adversely affect the mass transport through the carbon monolith or even can't be passed by large molecules. Additionally, as any pores would decrease the mechanic stability of the carbon monolith, the formation of redundant pores has to be prevented.
For that reason, another procedure to prepare carbon replicas from porous concrete was chosen. The chemical vapor deposition starting from alkanes and alkenes, respectively, should be a suitable way to enhance the carbon loading of the template. Hereby, the formation of micropores from partial carbon gasification would be suppressed by the ongoing carbon deposition. Moreover, the used carbon precursor does not contain heteroatoms which could-besides template silanol groups-contribute to the carbon gasification.
At the same time, a crucial factor which determines the replica quality is the pore filling degree of the template that is in turn affected by the step of the carbon loading. The method of the chemical vapor deposition consists in the treatment of the template with a gaseous flow containing the precursor at temperatures of about 1000 K [2] [3] [4] . After the contact with a solid interface, e.g. the template surface, the precursor molecules will be converted to solid carbon. Different mechanisms of carbon deposition have to be expected. First, a steady covering of template pore walls by carbon. This would result in a continuous constriction of the template pore diameters and, as a consequence, increasing inhibitation of the mass transport of precursor molecules. Finally, the template pores could not be filled completely. Second, a plug-like carbon growth starts from carbon seeds or some other kinds of primary carbon species. If these primary species are formed in the centre of the template particle, the carbon could grow from the inner to the outer sphere. That scenario would be beneficial to achieve a complete pore filling. In contrast, the premature formation of primary carbon species in the outer sphere of the template particle would result in pore blocking by carbon. The precursor molecules could not be transported into the inner sphere of the template grain and a considerable part of the template would remain empty. In other words, the pore filling process produces a carbon gradient from the outer to the inner sphere of the template particle. That matter has been Materials Sciences and Applications intensively discussed with respect to the preparation of carbon-carbon-composites which are interesting materials for heat shields or brake shoes, respectively [12] [13] [14] [15] . Here, porous carbon matrizes will be filled with carbon by chemical vapor deposition in order to densify the material. To achieve a gradient from the inner to the outer sphere, the interplay of gas phase reactions and the carbon deposition has to be considered. Therefore, precursors like methane with low reactivity to form solid carbon have to be chosen. In that case, the precursor molecule can diffuse through the pores without premature carbon deposition. However, these molecules can be converted to more reactive species like alkenes or even aromatics during the diffusion process. These reactive species would then be converted to carbon in the pores of the matrix. If the interplay of gas phase reactions and carbon depositions is optimally arranged, a carbon gradient from the inner to the outer sphere can be obtained [12] [13] [14] . The idea presented here was now to transfer the model conception of the synthesis of carbon-carbon-composites to the template assisted synthesis of porous carbons. There are some similarities between both systems but at the same time, several differences, too. In both cases a porous matrix has to be filled with solid carbon and the macrokinetic of the process can control the filling degree. However, the templates used for the template assisted synthesis stem mostly from porous silicatic compounds and their temperature stability is considerably lower as that of the porous matrices used for carbon-carbon-composites. So, the carbon deposition in templates has to occur at lower temperatures. As a consequence, precursor molecules with higher reactivity as methane have to be used. Another difference consists in the pore widths of carbon matrices and inorganic templates. As the pore sizes in matrices for carbon-carbon-composites are in the range of micrometer up to millimeter the pores of the templates are narrower by several orders of magnitude i.e. in the range of nanometers. Therefore, it has to be assumed that mass transfer limitations play a more important role for the carbon deposition in inorganic templates. Additionally, the collision of precursor molecules with pore walls is much more probably.
Here, we present a systematic experimental study of the synthesis of carbon replicas from porous concrete by chemical vapor deposition. For comparison purposes, silica gel has been alternatively used as the template. As porous concrete has a hierarchical pore system consisting of macro-and mesopores, the silica gel possesses mainly mesopores without anhierachical arrangement. The carbon precursors were n-hexane and 1-hexene, respectively, because these molecules are suitable pre-stage molecules for the formation of highly reactive aromatics. So, templates with different pore systems and precursors with different reactivity, respectively, were combined to investigate the interplay of mass transfer, gas phase reactions and carbon deposition.
Experimental

Templates
Porous concrete (Xella GmbH, DIN 4166) was shaped to spheres (8 mm ter) by mechanical treatment consisting of sawing and grinding. The samples were then treated with HCl (25%, BASF SE) to dissolve all calcium containing phases. The resulting template spheres are mainly macroporous as it is shown by mercury intrusion experiments [10] . They also contain certain amounts of mesopores and a smaller amount of micropores which is indicated by the shape of the nitrogen adsorption isotherms and the pore size distribution functions, respectively ( Figure 1 ).
As the main contribution to the internal surface area stems from the microand mesopores only these pores were termed as template pores in the following. Textural data are given in Table 1 . The values are averaged because each individual template sample was investigated separately prior to the deposition experiments.
Silica gel was delivered as spheres (Dry & safe GmbH; diameter between 6.8 and 7.7 mm). The material is mainly mesoporous as shown by the type IV nitrogen adsorption isotherms and the pore size distribution ( Figure 1 ). Textural data are given in Table 1 .
Deposition Procedure
Prior to the deposition experiments the template samples were thermally pretreated at the according deposition temperature in order to obtain controlled ). Then, the carrier gas stream was switched to pass a thermostated saturator containing the liquid precursor (n-hexane, 1-hexene from Sigma-Aldrich) and the carbon deposition started. The temperature of the saturator was adjusted to values which allow a precursor fraction of 15 mol% in the carrier gas stream. After defined periods (1 up to 150 hours) the carrier gas stream was switched back and the reactor was cooled down to ambient temperature whilst flowing through by the carrier gas. The mass gain of the template sphere caused by the carbon deposition was obtained by weighing. The carbon-template-composite sphere was then either placed back into the reactor to continue the carbon deposition or was treated with hydrofluoric acid (40 wt%, Sigma-Aldrich)to remove the template. The resulting carbon replicas were then thoroughly rinsed with water and dried.
Nitrogen Adsorption
Nitrogen adsorption and desorption isotherms were performed at 77 K on a Micromeritics ASAP 2020 volumetric adsorption system. The total surface area and the pore volume were determined applying the BET (Brunauer-Emmett-Teller) equation and the single point method, respectively. The pore size distribution (PSD) was obtained from the adsorption branch of the nitrogen adsorption isotherm applying the density functional theory. Nitrogen adsorption isotherms were measured from temperature pretreated template samples, carbon-templatecomposites, and carbon replicas, respectively.
X-Ray Tomography
X-ray tomography images were recorded on a homemade Micro-CT-equipment of the Fraunhofer IKTS-MD. The voxel size was about 10 µm 3 .
Helium Pycnometry
The skeleton volume of the sample monoliths was measured by helium pycnometry on a Porotec Pycnomatic ATC equipment. From that, the total pore volume was calculated by the difference between the geometric volume of the sample and the according skeleton volume.
Results and Discussions
Results
The carbon loading of porous concrete using n-hexane (1033 K, 13 h deposition time) was first observed by X-ray-tomography ( Figure 2 A similar pattern has been obtained for the conversion of 1-hexene on porous concrete ( Figure 4) . Also a three-stage developing of the volume ratio has been observed. However, the carbon deposition from 1-hexene occurs much faster as that from n-hexane. As for n-hexane a deposition was not found at temperatures below 883 K a significant deposition was obtained for 1-hexene at 833 K. Furthermore, the deposition from 1-hexene at 933 K proceeds similar to that from n-hexane at the considerably higher temperature of 1033 K, i.e. a three-stage course resulting in a nearly complete pore filling at about 50 hours.
For silica gel a somewhat different behavior has been found ( Figure 5 and Figure 6 ). On the first glance, a three-stage-process of the carbon loading can at least be assumed. However, that effect is not as pronounced as it was found for porous concrete. The pore filling process finished at values clearly below those obtained for porous concrete (Figure 3) . Furthermore, the carbon loading pro- Nitrogen adsorption isotherms and according pore size distribution functions of carbon-porous concrete-composites obtained from n-hexane at 1033 K are shown in Figure 7 . With increasing deposition time, i.e. increasing carbon loading the amount of adsorbed nitrogen decreases. In the same way, the calculated incremental pore volume derived from the pore size distribution functions decreases, too. However, the isotherm shape and consequently the maximum of the pore distribution function did not change the position with increasing carbon loading. This indicates that the template pore width is not affected by the deposited carbon.
For the deposition using n-hexane the decline of the free template volume was compared with the skeleton volume of the deposited carbon (Figure 8 ).
At the beginning of the procedure, the decline of the free template volume is considerably lower than those obtained from sucrose derived carbons, even at similar carbon content of the loaded template (Table 2) .
A continuous increase in adsorption follows over almost the whole pressure . Furthermore it has to mention that all replicas possess a significant amount of macropores which cannot be detected by the nitrogen adsorption method (not shown here, [10] ). The template pore filling degree affects the porosity of the resulting replica: low pore filling degree results in a replica with higher porosity. This is caused by the contribution of non-filled template pores to the replica porosity and the occurrence of carbon gasification reactions, respectively. Gasification reactions produce carbon micropores. However, with increasing amount of loaded carbon these micropores will be filled up and then finally disappear.
Discussions
The carbon deposition occurs mainly in the micro-and mesopores of the templates. Two different mechanisms of carbon deposition have to be considered. That is, however, not the case. Furthermore, a constriction of the template pore width would lead to a steady decrease of the surface area on which carbon could be deposited. As a consequence, the mass gain caused by the carbon deposition would show a nonlinear time dependence which would not meet the experimental results. So, that model should be excluded.
Therefore, the second proposed model will be discussed. The initial period at the beginning of the deposition process can be explained by a mechanism similar to that of the formation of soot or carbon blacks [16] . During the diffusion in the narrow pores the precursor undergoes gas phase reactions which produce highly reactive carbon species. These species could act as seeds or as the here called primary carbon species for the subsequent occurring deposition. From the findings presented here it is not possible to derive whether these species are formed in the gas phase or on reactive sites of the pore walls or on both. In these pores, where a critical amount of these species is formed or where the species have grown to a critical size, respectively, the carbon deposition takes place starting from these primary species. The carbon deposition occurs on carbon surfaces considerably faster than on other substrates like the template pore walls. Therefore, a remarkable carbon deposition is observed only if that initial period has been passed. It produces a steadily growing carbon plug within the template pores whereas the carbon is deposited on the front faces of these plugs. As the Figure 3 and Figure 4 , respectively. At the point when all pores are completely filled further carbon deposition can take place only in the template macropores or on the external surface. These processes are considerably slower by two reasons, namely the lower deposition rate on non-carbonaceous surfaces and the low surface area of the macropores and external surface, respectively.
According to that model, the degree of the template pore filling and consequently the quality of the carbon replica must depend on the location of the primary carbon species within the template particle. If they are located in the outer sphere of the template grain the growing carbon plug would block the pores and the inner sphere would remain empty. The porosity of the resulting replica would be considerably larger than it would be expected from the direct template effect [17] . At the same time, the mechanical stability of the replica grain or monolith, respectively, would be reduced.
On porous concrete that effect is not pronounced because the carbon loading finished nearly at the total pore filling. This is probably caused by the hierarchical arrangement of macropores and mesopores which allows an almost non-restricted mass transport. However, in silica gel such an arrangement does not exist. The maximum pore filling degree is about 20% smaller and it has to assume, that mass transport affects the carbon deposition considerably. This conclusion is furthermore supported by the fact:
-that the time dependence of the carbon deposition in silica gel is almost not affected by the temperature and the used precursor, respectively ( Figure 5 ),
-the three-stage-course of the deposition is not as pronounced as it is found for porous concrete.
Furthermore, to obtain an optimal material regarding mechanical stability and porosity an optimal balance of the carbon deposition in the micro-and mesopores on the one hand and in the macropores on the other hand has to be found.
Carbon deposition in the macropores is expected to enhance the stability of the whole carbon monolith but would reduce the overall porosity.
Conclusions
Applying the CVD-method, a high degree of template-carbon-loading could be achieved. The formation of micropores was considerably suppressed. The carbon deposition occurs according to a three-stage process. In an initial period, primary carbon species were formed. On these species, the carbon deposition then starts and carbon plugs grow within the template pores. The carbon growth occurs from the inner to the outer sphere. There is no proof of a remarkable covering by carbon of the pore walls of the micropores and mesopores, respectively. However, slow carbon deposition on the walls of the porous concrete macropores takes place, which affects the overall porosity of the replicas in different ways. In difference to silica gel, mass transport effects do not limit the carbon The materials could be used in applications in which porous monoliths are flown through by liquids. For that, the mechanical stability and permeability, respectively, are key factors which determine the quality of the material. As both features depend on the monolith porosity, further investigation of their interplay with each other is suggested. This comprises e.g. the further optimization of the balance of the carbon deposition in the different template pores by the variation of the deposition temperature and the selection of the carbon precursor, respectively.
